n cm -2 . The planar devices were fabricated by thermal evaporation of Au onto approx.
µm thick high purity chemical vapour deposited diamond produced by Element
Six Ltd., UK. The detector performance was investigated as a function of bias voltage at room temperature using 241 Am α-particles and minimum ionising particles (MIPs) of a 90 Sr source. At low fluences up to 2x10 13 neutrons cm -2 , the detectors reach the initial saturated signal amplitude after irradiation. However, the signal is less stable and deteriorates due to polarisation. This effect can be reduced by initial priming with X-rays. No peak could be distinguished in the detector response in the unprimed state after 10 16 neutrons cm -2 with bias voltages up to  1000 V (equivalent to 32 kV cm -1 ).
However, a peak at about 18 % CCE could be recovered after priming.
Introduction
Diamond has been of interest for radiation detection purposes in high radiation fluency environments due to its exceptional radiation hardness compared to other materials for many years. The effect of hadron induced radiation damage on the performance of particle detectors fabricated from polycrystalline diamond has been studied in detail with the particular goal to prove the devices' suitability and durability in applications for the Large Hadron collider (LHC). Up to 10 16 n eq cm -2 are expected at 5 cm distance of the interaction point during 5 years in the super LHC [1] .
In addition, neutron detection and damage studies are also of interest for the international fusion reactor ITER; where 10 10 n cm -2 s -1 , will be incident at the envisaged neutron detector position [2] .
In the meantime, within less than the last decade, synthetic high purity chemical vapour deposited diamond with excellent electronic properties has been developed in several laboratories [3 4, 5, 6] and become commercially available [7, 8] . This has demonstrated diamonds large potential for electronic applications [9] , especially for particle spectroscopy. Energy resolutions similar to well established Silicon devices has been achieved, and in addition to excellent timing properties [10] . Radiation damage studies on this high quality synthetic single crystal diamond material have begun to evaluate and gain understanding of the effects of radiation induced defects on the detection performance. [2, 11, 12] The signal of a radiation detector operated as a solid state ionisation chamber is formed by the integrated induced current, i.e. the induced charge, at the electrodes of the detector by the movement of free charge carriers within the device towards those electrodes under the electric field they experience. The movement is limited by the charge carrier velocity and lifetime τ of the free charge carriers. In detector characterisation applications, the ratio of the created free charge carriers due to ionising radiation Q 0 and the "collected" induced charge Q i is commonly expressed as the charge collection efficiency CCE=Q 0 /Q i [13] . Defects or defect complexes that act as charge trapping centres, will limit the lifetime of the free charge carriers, thus the CCE and the detector performance, if they trap a significant proportion of the created charge carriers before they reach the device electrodes. In the particular case of diamond, which has a large band gap of 5.48 eV [14] , the charge trapped in deep levels can remain there over long periods of time (weeks) at room temperature, which alters the available empty trap level concentration and thus the carrier lifetime for subsequent irradiations, resulting in instabilities in the signal amplitude. The filling of deep levels results in an increase in carrier lifetime and thus signal amplitude. The effect is referred to as priming and is routinely used in the application of natural diamonds in medical dosimetry [15, 16] . However, the local filling of traps with charge carriers of one polarity will not just alter the free carrier lifetime, but also the electric field they experience due to the build up of space charge. This so called "polarisation" field is opposed to the direction of the applied electric field and reduces the charge carrier velocity, resulting in a drop of CCE [17, 18] . Polarisation tends to be less pronounced if the ionising radiation penetrates through the whole device thickness [19] and can often easily be verified in diamond by the observation of signal pulses in the opposite polarity at zero bias after detector operation. If (some of) the defect levels present in the material responsible for priming and polarisation behaviour re-emit the trapped charge carriers within time scales that are comparable to the timescales in which the data is acquired, then the incident dose rate in addition to the total dose, will affect the detector performance as well. Reliable re-emission of trapped charge carriers in diamond is usually achieved by heating the samples above 550 K [20] , but can also be induced by visible illumination [21] . The mechanism behind the latter is still not very well understood so far. It is clear that additional defects levels induced by radiation damage to the crystal structure will influence the performance and stability of diamond radiation detector due to the changes in carrier lifetime, polarisation and priming behaviour. Diamond is expected to be particular resilient to structural changes induced by radiation. It has a very rigid and tight lattice structure which leads to a large displacement energy of 32 eV [22] for the carbon atoms bound in the lattice. The displacement of lattice atoms under irradiation will lead to the creation of carbon interstitials and vacancies. The mobility of these defects and subsequently their ability to move and form more complex defects or recombine depends on the temperature [23] and possibly on the defect structures (type and density) already present in the material. In addition to the polarisation and priming issues, these structural variations can compromise the comparability of radiation induced damage studies performed on different quality type samples from different sources. Furthermore, the radiation type introducing the damage also plays a role as discussed by de Boer and co-workers [12] . The charge carrier mobility may also be affected by radiation induced defects, although the results by Pomorski et al suggest that the changes in mobility -if present at all -are not significant up to a 26 MeV proton dose of 10 -14 cm -2 [19] . In this paper, we present the changes in particle detector performance and stability of a set of high purity synthetic single crystal chemical vapour deposited diamond samples due to neutron radiation induced damage to the bulk material.
We have studied four high purity single crystal diamond samples that were produced by Element Six, Ltd. by a chemical vapour deposition (CVD) process [3] . The samples have an area of 3 x 3 mm 2 each and the thickness varied between 306 and 309 µm. They were boiled in a mixture of sulphuric acid and potassium nitrate by the supplier to provide high resistive, oxygen terminated surfaces. Subsequently, we cleaned the samples in aqua regia, followed by a rinse in acetone and isopropanol before thermally evaporating Au pad contacts on both sides of the nitrogen dried samples. Typical thicknesses of the gold layer varied between 30 and 70 nm.
The dark current of the devices was measured with a computer controlled Keithley 487 picoammeter.
For the evaluation of the charge collection efficiency (CCE), the devices were tested using the same set-up, electronics and calibration procedure as described by Lohstroh et al [21] . The samples are irradiated with non-collimated 241 Am α-particles (emission energy 5.48 MeV) in a vacuum chamber with a remaining pressure of less than 10 -1 mbar. The emission spectrum of this source, studied with a conventional Silicon pin diode exhibits a broad peak with a centroid value of 4.95 MeV, most likely caused by absorption and straggling in the source material itself and in its thin protective coating. The source is mounted at about 8 mm distance to the sample and has an activity of 185kBq. The α-particle range in diamond is less than 15 µm [24, 25], which is a small fraction of the sample thickness; consequently, the induced charge signal is mainly due to hole movement under positive bias, and predominantly sensitive to electron movement at negative bias. The device response to minimum ionising particles was tested in a similar set-up. In this case, a higher gain charge sensitive pre-amplifier (eV product 550) was used and the samples were irradiated in detector was mounted in transmission geometry to the diamond samples and used as a trigger. The spectra were calibrated in terms of deposited energy in the detector assuming that MIPs produce 36 free electron hole pairs per transversed µm in diamond [26] . The MIPs spectra were fitted using the so called Landau distribution in the form introduced by Moyal [27] given in equation (1) . A is a scaling parameter dependent on the absolute amplitude of the spectrum, i.e. the acquisition time;
λ=R(E m -E), with E m being the most likely energy deposited in the sample and R a material constant.
For priming studies, the samples were mounted in a light proof box and irradiated with 100 kVp X-rays emitted by a Tungsten X-ray tube (Comet MXR225/22 powered by a Gulmay CP-225 supply). The absorbed does was 14 Gy in all cases and the samples were subsequently transferred into the vacuum chamber used for the α-spectroscopy in a dark room. The gold contacts were removed using aqua regia before the neutron irradiations which were carried out by AWE at the VIPER facility. Three samples were irradiated with one to eleven 0.4 ms long neutron pulses emitted during 235 U fission with a broad energy spectrum that peaks at around 0.7 MeV. The received fluence was 1x10 12 n cm -2 , 2x10 13 ncm -2 and 1x10 16 n cm -2 , for sample A, B, and C respectively, as summarised in table 1. The samples were re-contacted as described above after the irradiation and the electrical characterisation repeated.
Results and Discussion
The initial detector response to α-particles and MIPs has been studied before neutron irradiation. Each α-particle spectrum was acquired for 10 minutes, and a summary of the extracted peak centroid positions in terms of CCE as a function of the applied electric field strengths is shown in Fig.1 .At low applied electric fields, weak polarisation effects were observed, which are attributed to the diamond/contact interface quality rather then the bulk material quality. These could also be responsible for the variation in performance of the different samples at low applied electric field strengths. Similar effects have been observed in the past [28] and are usually insignificant at higher applied bias. All samples exhibit a full energy peak at 100 % CCE above 3 kV cm -1 . This confirms the suitability of these devices for spectroscopic applications if operated in the appropriate bias conditions.
After neutron irradiation, the response to α-particle irradiation of the devices was investigated again. In contrast to sample B and C, the performance of sample A was effectively unchanged in the bias range investigated. The weak polarisation attributed to the diamond/contact interface was also observed in sample A after neutron irradiation and was not altered by the priming procedure. The response of sample B and C was found to be unstable and clearly affected more strongly by polarisation then before the neutron irradiation. The time evolution of the spectra was investigated by taking subsequent spectra for 90 s each under constant bias supply. An example of how the spectra change with time is given in the left part of Fig. 2 . The change of the CCE centroid position with time in sample A and B for the same applied field strength is illustrated in Fig 2 on the right hand side. Sample A exhibits a constant response at 100% CCE for both polarities, whereas the CCE in sample B drops significantly during the first 10 minutes of irradiation, independent of the applied bias polarity. At the highest field strength for both polarities investigated -32.4 kV cm -1 -the centroid remained stable at about 95 % CCE in sample B. No peak could be resolved in sample C, which had received the highest neutron dose of this study of 10 16 n cm -2 ; the absence of a peak under α-particle irradiation in this sample in the non-primed state is illustrated in Fig. 3 . For comparison, the first spectrum acquired of sample C at 32.4 kV cm -1 after priming is also shown in Fig.3 , exhibiting a peak position of 18 % CCE. Subsequent spectra shift to lower amplitudes within 10 minutes and the same behaviour is found for the opposite polarity. Sample B reached maximum signal amplitude after priming at lower applied electric field strengths and the stability of the detector signal with time improved. Our results show that bothelectron and hole charge transport -are increasingly compromised by charge trapping and the subsequent build up of space charge that is characteristic polarisation processes, with increasing absorbed neutron dose. Further investigations, like transient induced current studies [5, 19, 29] are needed to understand the effects of polarisation (i.e. changes in charge carrier velocity) and priming, (i.e. changes in charge carrier lifetime) on the observed changes in detector signals. Interestingly, improvements were found in both bias polarities, whereas it is assumed that in undamaged, polycrystalline diamond, priming mainly fills hole traps within the crystallites [30] , charge transport remains limited by grain boundaries even in the primed state. Polarisation has also been observed in a 26 MeV proton damage radiation study performed on diamond material of the same supplier [19] . The protons penetrated throughout the whole sample thickness and deposited energy responsible for the damage creation uniformly through the bulk. The authors of that work observe that space charge is not present initially after the damage has been introduced, but builds up during the subsequent characterisation, which is taken as an indication of the production of neutral defect states. This is also suggested by the findings of a thermally stimulated current damage study by Trajkov et al. [31] . The loss of a distinguishable peak in the spectrum fast neutron doses between 2x10 13 n cm -2 and 10 16 n cm -2 , agrees with the study by Tanaka et al, who observe a similar disappearance in a IIa high pressure high temperature synthesized samples with 14
MeV neutron irradiation above the dose of 5.5x10 13 n cm -2 [2] . Various neutron reactions with 12 C are possible at energies up to 14 MeV which subsequently lead to the emission of α-particles as one of the reaction products [32] and deposit a larger amount of energy per unit path length in the detector than a neutron of equivalent energy.
The MIPs spectrum of sample B before neutron irradiation displayed in Fig.4 is representative of all non-irradiated samples studied. For comparison, the spectrum acquired from the same sample at the same applied effective field strength after neutron irradiation is also shown and exhibits essentially the same performance as in the virgin state. The polarisation phenomena observed so easily and clearly in the α particle spectra at the same applied field strength could not be studied on the same time scale of several minutes, due to the lower count rate in this experiment, caused by a number of reasons: only a small fraction of emitted β-particle is of sufficient energy to be a MIP, the lower activity of the source and the smaller solid angle determined by the experiments geometry. However, polarisation effects are also expected to be weaker because the MIPs penetrate and thus create electron hole pairs throughout the whole diamond thickness.
The MIP peaks could still be clearly separated from the noise edge in samples A. In contrast, up to the highest applied field strength explored in this study, 32.7 kV cm -1 , no peak caused by MIPs could be separated from the noise edge in sample C. It shows higher counts in the presence of the radiation source -an indication that some sensitivity to MIPs has remained. Figure 5 summarises the fit results of the MIPs spectra. The most frequently detected signal energy E m converges towards the expected energy of 146 keV with increasing bias voltages. The scaling parameter A normalised to the acquisition time of each spectrum (not shown), fluctuates around a constant value for all spectra taken before irradiation and after, which firstly confirms the consistency of the fitting procedure and secondly indicated that the counting efficiency for the MIPs remained unchanged before and after the neutron irradiation up to 2x10 13 n cm -2 . The extracted material constant R for this high purity diamond also remained constant around a value of about 0.06 keV -1 .
Conclusion
We have fabricated simple sandwich structure radiation detectors based on high purity synthetic single crystal diamond and evaluated the degradation of its performance after fast neutron irradiation with doses up to 10 16 n cm -2 . Our results show that only at the highest level of irradiation, induced defects critically deteriorate the stability and reproducibility of the devices when operated as particle detector. This in agreement with other radiation induced damage studies on single crystal diamond detectors found in the literature. The signal amplitudes increases and the stability improves significantly by priming, however reliable operation in unknown irradiation fields is difficult to guarantee as all these effects depend on the incident absorbed dose and dose rate. In the case of MIPs that create electron hole pairs throughout the whole thickness of the studied devices, the performance before and after neutron irradiation up to 2x10 13 n cm -2 remained nearly unchanged at sufficiently high applied electric field strengths. However, at 10 16 n cm -2 the signals could hardly be separated from the background.
The underlying correlation between polarisation and priming is not understood quantitatively so far. Further investigations separating charge carrier lifetime and velocity are needed as well as a more systematic study of the correlation between polarisation, priming and incident dose rate. 
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